Introduction {#ccr3986-sec-0001}
============

Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare type of leukodystrophy. Patients develop macrocephaly during the first year of life. Thereafter, slow neurological deterioration with cerebellar ataxia and spasticity occurs. Magnetic resonance imaging (MRI) of the brain reveals diffuse signal abnormality, swelling of the cerebral white matter, and the presence of subcortical cysts in the anterior temporal regions [1](#ccr3986-bib-0001){ref-type="ref"}, [2](#ccr3986-bib-0002){ref-type="ref"}, [3](#ccr3986-bib-0003){ref-type="ref"}, [4](#ccr3986-bib-0004){ref-type="ref"}.

Three types of MLC that share similar clinical symptoms are listed in OMIM: MLC1 (\#604004), MLC2A (\#613925), and MLC2B (\#613926). MLC1 is caused by mutations of the *MLC1* gene on chromosome 22q13.33 in approximately 75% of MLC cases, with an autosomal recessive mode of inheritance. In approximately 20% of patients, the disease is explained by mutations in the hepatocyte cell adhesion molecule precursor gene (*HEPACAM*) on chromosome 11q24.2 [5](#ccr3986-bib-0005){ref-type="ref"}. HEPACAM‐associated MLC can be inherited in an autosomal recessive form (classified as MLC2A) or in a less severe autosomal dominant form of "transient" MLC, with or without developmental disability and/or autism (MLC2B) [6](#ccr3986-bib-0006){ref-type="ref"}.

Currently, nearly 90 mutations of *MLC1* have been reported worldwide. Mutations are distributed throughout the entire coding region and include all different types: missense and nonsense mutations (53%), splice‐site mutations (20%), deletions (20%), and insertions (7%) \[HGMD <http://www.hgmd.cf.ac.uk/ac/all.php>\]. However, the genotype‐phenotype correlation has not been described [7](#ccr3986-bib-0007){ref-type="ref"}, [8](#ccr3986-bib-0008){ref-type="ref"}.

Clinical presentations of *MLC1* gene mutations are common; however, functional studies are mostly restricted to computational predictions only. Thus, deviation in the knowledge of mutations arises inevitably.

In this study, we present a compound heterozygous mutation in the *MLC1* gene in an affected child with moderate clinical symptoms from Hunan, China. A compound heterozygous mutation (c.135delC; c.423+2dupT) was identified in the *MLC1* gene. One is the novel deletion, which induces protein truncation with a premature stop codon. The second variation c.423+2dupT has been reported previously [9](#ccr3986-bib-0009){ref-type="ref"}; however, we present a functional study demonstrating exon 5 skipping for the first time.

Patient and Methods {#ccr3986-sec-0002}
===================

The proband was a 9‐year‐old Chinese boy born to healthy parents. Clinically, he was diagnosed with megalencephalic leukoencephalopathy. After an uneventful delivery, macrocephaly was noted during his first year of life. The physical examination data at his ten‐month follow‐up showed a large head circumference of 57 cm (45.4 ± 1.3 cm is the normal range of the WTO head circumference by age in boys) (<http://www.who.int/childgrowth/standards/en/>). Several years later, the boy presented symptoms of mild developmental disability. Weak language ability and poor grades were reported during primary school. Epilepsy or spasticity had not occurred, but ataxia was noted with unsteady walking and poor coordination ability. At 7 years, Encephalo‐CT revealed extensive density, a decrease of the cerebral white matter in each lobe of the bilateral cerebral hemisphere, and a slight expansion in the anterior cerebral longitudinal fissure and subarachnoid space. The brain MRI showed abnormal white matter and a subcortical cyst in the left temporal lobe (Fig. [1](#ccr3986-fig-0001){ref-type="fig"}A).

![(A) Brain MRI of the proband. The image shows a subcortical cyst in the left temporal lobe (arrow) and a diffuse lesion in the white matter. (B) The patient\'s photographs at the age of nine. The head circumference was large. (C) Proband (left) and his healthy brother (right). The baby was about ten months old. No abnormity was found.](CCR3-5-961-g001){#ccr3986-fig-0001}

This case study was approved by the institutional research ethics committee of the Reproductive and Genetic Hospital of Citic‐Xiangya. Written informed consent for the research and for the publication of the patients' anonymous details and images was obtained from the parents.

For mutation analysis, genomic DNA was extracted from peripheral blood of the affected son and the two parents. Genomic DNA and total RNA were extracted following the manufacturer\'s instructions (Qiagen, Germany). The coding region of *MLC1* (GenBankNM_015166) was amplified by polymerase chain reaction (PCR) using the primers listed in Table [1](#ccr3986-tbl-0001){ref-type="table-wrap"}. The mRNA expression of *MLC1* was examined by transcription‐polymerase chain reaction (RT‐PCR) using the following primers: forward (5′‐CCAGGAGGAACGCCAATGTG‐3′) and reverse (5′‐TCAGGACCCGAGCAGGAAAT‐3′). Both PCR and RT‐PCR were performed in a 25‐*μ*L reaction containing 50 ng template, 12.5 *μ*L Gold Taq Green Master Mix (Promega, Madison, Wisconsin, USA), and 0.5 *μ*mol/L each of the primers. The reactions were performed under the following conditions: 95°C for 1.5 min, 35 cycles of 94°C for 40 sec, 60°C for 40 sec, and 72°C for 40 sec, followed by a final extension at 72°C for 5 min. Amplimers were purified using the Wizard SV Gel and PCR Clean‐Up System (Promega, Madison, Wisconsin, USA), followed by direct sequencing on an Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems, Hitachinaka, Ibaraki, Japan). The results of the mutant samples were validated by reuploading.

###### 

Primer sequences used for *MLC1* amplification and sequencing

  Fragment                      Oligonucleotide primers      Annealing temperature(°C)   Length(bp)
  ----------------------------- ---------------------------- --------------------------- ------------
  Exon 2                        5′‐CTCAGAGTGGCCAAAGCC‐3′     60                          328
  5′‐ACCAGAGGGACCAGATGC‐3′                                                               
  Exon 3                        5′‐CAGAAGTTGAAGGGTCAGGG‐3′   57                          561
  5′‐GAAGTTTCACTCTCATTGCCC‐3′                                                            
  Exon 4/5                      5′‐GCTCATGGGATTCCGGTT‐3′     60                          548
  5′‐ TGTGGGTGTCAGGCGTCT‐3′                                                              
  Exon 6                        5′‐ GGTGGCGTGAGAAAGGCG‐3′    60                          222
  5′‐CCCACCTCGCTCACCCTG‐3′                                                               
  Exon 7                        5′‐ AGTGCTGAGTCCCTGTGC‐3′    60                          363
  5′‐GCAGTAACAAACTCCCCC‐3′                                                               
  Exon 8                        5′‐ GGTGGGTGTGTCCTATGG‐3′    60                          652
  5′‐ GGTGACTCTCTGTCTGAA‐3′                                                              
  Exon 9                        5′‐ TACCCCTGCTTCCCTGCG‐3′    60                          396
  5′‐ ACCCCACCTTCCTCATTG‐3′                                                              
  Exon 10                       5′‐ GAACCAGCTTGGGACTAT‐3′    55                          275
  5′‐ GGGGGGCTCTGAAATAAA‐3′                                                              
  Exon 11                       5′‐ GCTCACACCTCCTTCCGC‐3′    60                          278
  5′‐ CCCACCCCACAGGCTTCT‐3′                                                              
  Exon 12                       5′‐ GCAGGCGTTTCTGGGACA‐3′    60                          355
  5′‐ GCTCAGGGCGATTAGGGG‐3′                                                              
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Results {#ccr3986-sec-0003}
=======

Sequencing of the *MLC1* gene from the patient identified two heterozygous mutations, c.135delC, p.Cys46Alafs\*12 and c.423+2dupT, p.Pro109_Ile142del (skipping exon 5). Chromatograms are shown. The two mutations were confirmed in his parents by Sanger sequencing (Fig. [2](#ccr3986-fig-0002){ref-type="fig"}A--G).

![Genetic analysis. (A) Pedigree chart. The proband was noted with compound heterozygous mutations. The father and mother both carried heterozygous mutations. The prenatally diagnosed boy was free of mutations. (B, C) Sequence of the proband\'s sample. A: Arrow pointing to the heterozygous mutation c.135delC; B: heterozygous mutation c.423+2dupT. (D, E) Sequences of the two mutation regions in the mother. (F, G) Sequences of the two mutation regions in the father. (H, I) gDNA sequence of amniotic fluid. H: Arrow pointing to the normal c.135C; I: arrow showing the position of normal c.423+2T. (J) Electrophoretogram of cDNA amplification. "M" is the DNA marker; "I", "II", "III", "IV," and "V" indicate the proband, the father, the mother, normal, and blank control, respectively. There were two separable bands in the samples of the proband and the father. The top band was 285 bp in size; the lower one was 183 bp. The mother\'s RT‐PCR product was equal to the normal control. (K, L) cDNA sequence of the proband. K: The smaller product was 183 bp, and red ovals at the bases of *MLC1* mark exon 4 and exon 6. L: Product of normal length, the bases in the red ovals belong to exon 4 and exon 5 of *MLC1*.](CCR3-5-961-g002){#ccr3986-fig-0002}

The region 302--586 bp of *MLC1* cDNA was amplified. A 285‐bp normal band and a shorter band appeared in both of the proband and his father. The sequencing of cDNA amplifiers showed that the shorter product corresponded to the deletion of exon 5 in the *MLC1* gene (Fig. [2](#ccr3986-fig-0002){ref-type="fig"}J--L). Indirectly, mRNA from the allele with C.423+2dupT exhibited skipping of exon 5.

In a new pregnancy of the mother, a prenatal diagnosis was carried out, and no mutations at either site of the *MLC1* gene were detected in the fetus (Fig. [2](#ccr3986-fig-0002){ref-type="fig"}H and I). The next year, a healthy baby was born as a full‐term normal delivery. The physical indicators of the baby were normal, including the head circumference, but no MRI examination was performed.

Discussion {#ccr3986-sec-0004}
==========

MLC1 is a genetic puerile leukoencephalopathy rarely found in China. Here, we describe an affected boy from a Chinese family. The patient had the classical symptoms of infantile macrocephaly, including motor developmental delay, mild ataxia, and intellectual disability (Fig. [1](#ccr3986-fig-0001){ref-type="fig"}B). Two variations, c.135delC, p.Cys46Alafs\*12 and c.423+2dupT, p.Pro109_Ile142del (skipping exon 5), detected in the *MLC1* gene from the patient were highly likely to be pathogenic mutations. First, either mutation could result in a protein truncation or structure defect. Additionally, both mutations segregated concomitantly with the pathological phenotype of the patient and his parents. Additional evidence of the causative effect of the identified mutation in the affected sibling was that an unaffected pregnancy (16th gestational week) was negative (Fig. [1](#ccr3986-fig-0001){ref-type="fig"}C).

The mutation c.135delC (p.Cys46Alafs\*12) had not been reported previously, nor was it present in the dbSNP or Human Gene Mutation Database. The analysis of biological information showed that this mutation could result in a change in the coding sequence after the 45th codon and create an in‐frame stop codon in exon 2, which probably led to a truncated protein of 56 residues or alternatively led to nonsense‐mediated decay of the mRNA (Fig. [3](#ccr3986-fig-0003){ref-type="fig"}A).

![(A) Schematic representation of function patterns for the two mutations. Black arrowheads are mutation positions on *MLC1* gDNA (middle). The mutation c.135delC creates an in‐frame stop codon in exon 2 and leads to a truncated protein of 56 residues (black box below). The mutation c.423+2dupT gives rise to an incomplete protein without exon 5 (black box above). Dotted boxes indicate the coding region that is not transcribed. (B) Sketch of "exon definition" with small exons and large introns. Splicing machinery (red and green) interacting with isolated exons during exon definition. Splicing factors (black) join the assembly during the exon juxtaposition following exon definition [11](#ccr3986-bib-0011){ref-type="ref"}. (C) 2D model of the MLC1 protein [7](#ccr3986-bib-0007){ref-type="ref"}. The gray parts show the deleted residues of exon 5.](CCR3-5-961-g003){#ccr3986-fig-0003}

The insertion or duplication mutation c.423_2dupT (p.Pro109_Ile142del) leading to exon 5 skipping had been presented previously; however, it had only been shown to create a new splicing site through in silico predictions [9](#ccr3986-bib-0009){ref-type="ref"}. According to Leegwater\'s prediction, an in‐frame stop codon would arise among the 94‐bp sequence and lead to a truncated *MLC1* gene product of 141 residues, with an addition of 26 unrelated residues at the C‐terminal end. However, in our study, cDNA analysis showed that the insertion apparently silenced the splicing acceptor site of exon 5 and gave rise to exon 5 skipping, while downstream exons after the fifth remained unaffected. The protein translated from the mutant *MLC1* gene would contain 343 residues without the amino acids coded by exon 5, as shown in Figure [3](#ccr3986-fig-0003){ref-type="fig"}A.

Our finding coincides with the exon‐oriented perspective of splice‐site pairing. This belongs to the "exon definition" of splice‐site recognition, including splice pairing across an exon for splicing with large introns and small exons [10](#ccr3986-bib-0010){ref-type="ref"}. The "exon definition" model proposes that in pre‐mRNAs with large introns, the splicing machinery searches for a pair of closely spaced splice sites in exonic polarity (Fig. [3](#ccr3986-fig-0003){ref-type="fig"}B). When such a pair is encountered, neighboring exons will be juxtaposed via interactions between the factors that recognize individual exons [11](#ccr3986-bib-0011){ref-type="ref"}. Regarding the mutation (C.423+2dup) adjacent to exon 5, the exon is only 102 bp in length, while intron 5 is up to 2912 bp. This is the situation by which a short exon is separated by a long intron. When the extra T disabled the action of the wild‐type splice donor site of intron 5, the pairing of splice sites across exon 5 was inhibited, and the recognition of exon 5 failed. Rejection of the exon leads directly to exon 5 skipping.

In fact, approximately 15% of mutations that cause genetic disease affect exon splicing [12](#ccr3986-bib-0012){ref-type="ref"}, and the most frequent phenotype is exon skipping at a ratio of 51% [13](#ccr3986-bib-0013){ref-type="ref"}. Because the splicing regulators and splice‐site signals are usually short and often degenerate, even the best computer programs are only 50% accurate in predicting actual splice sites [14](#ccr3986-bib-0014){ref-type="ref"}, [15](#ccr3986-bib-0015){ref-type="ref"}. Our work shows that for the genes whose transcripts are detectable by RT‐PCR in blood cells, cDNA anomalies should be screened for splicing results.

MLC1 is a plasma‐membrane protein containing eight transmembrane domains that is highly expressed in brain astrocytes (Fig. [3](#ccr3986-fig-0003){ref-type="fig"}C). Although the exact function remains unclear, it has been demonstrated that MLC1 is related to the activation of volume‐regulated anion currents (VRAC) involved in the cellular osmotic response [16](#ccr3986-bib-0016){ref-type="ref"}, [17](#ccr3986-bib-0017){ref-type="ref"}. The mutations of *MLC1* may reduce the regulatory volume of astrocytes, a key process in osmotic perturbation buffering in the central nervous system [18](#ccr3986-bib-0018){ref-type="ref"}.

In our patient, the compound heterozygous alteration leads to premature termination and thus the nonavailability of normal protein leading to complete loss of function. The splicing machinery with the mutation c.423+2dupT, p.Pro109_Ile142del (skipping exon 5) may lead to a deficiency of the whole transmembrane domain 3 and the bonding pad (Fig. [3](#ccr3986-fig-0003){ref-type="fig"}C). As no alternative transcript of the *MLC1* gene has been reported, the combination of the two scenarios destroyed the protein function and promoted the start of the disease in our patient.

Several conclusions can be drawn from the identified results. (1) The identification of two mutations can assign the mutated gene to the disease; (2) a novel mutation c.135delC, p.Cys46Alafs\*12 was identified for the *MLC1* gene mutation group. Exon skipping but not an in‐frame stop codon was proven by cDNA sequencing for the reported mutation C.423+2dupT, p.Pro109_Ile142del (skipping exon 5); (3) our results may offer an experimental basis for further study of the gene splicing mechanism and gene therapy; (4) considering the timeliness and hardship of biopsy in gene diagnosis, RT‐PCR sequencing is an appropriate method for further functional verification of splicing mutations.
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